The generation of quasimonoenergetic electron beams, with energies up to 200 MeV, by a laser-plasma accelerator driven in a hydrogen-filled capillary discharge waveguide is investigated. Injection and acceleration of electrons is found to depend sensitively on the delay between the onset of the discharge current and the arrival of the laser pulse. A comparison of spectroscopic and interferometric measurements suggests that injection is assisted by laser ionization of atoms or ions within the channel. In a plasma accelerator an intense laser or particle beam is used to drive a relativistic plasma wave, within which is formed a strong longitudinal electric field [1] . This field can be three or 4 orders of magnitude greater than that used in conventional accelerators, offering the prospect of a new generation of extremely compact accelerators with applications in both fundamental and applied science. The last few years have seen rapid progress in this area. Recently a particle-beam-driven plasma accelerator was used to double the energy of 42 GeV electrons in an 0.85 m long plasma [2] . A notable breakthrough in laser-driven plasma accelerators was reached in 2004 when quasimonoenergetic electron beams with energies of order 100 MeV were generated at plasma densities of order 10 19 cm ÿ3 by focusing intense laser pulses into helium gas jets [3, 4] and in a plasma channel formed by additional laser pulses [5] . Increasing the output energy of a laser-driven plasma accelerator requires acceleration over a longer distance, and a lower plasma density than can be used with the guiding technique of [5] . These two requirements were first met in 2006 by guiding the driving laser pulses in a 33 mm long plasma channel formed by a hydrogen-filled capillary discharge waveguide [6, 7] , with a density of approximately 3 10 18 cm ÿ3 . Quasimonoenergetic electron beams with energies of 1 GeV were generated [8, 9] , which was the first demonstration of acceleration to beam energies comparable to those used in existing synchrotrons.
In a plasma accelerator an intense laser or particle beam is used to drive a relativistic plasma wave, within which is formed a strong longitudinal electric field [1] . This field can be three or 4 orders of magnitude greater than that used in conventional accelerators, offering the prospect of a new generation of extremely compact accelerators with applications in both fundamental and applied science. The last few years have seen rapid progress in this area. Recently a particle-beam-driven plasma accelerator was used to double the energy of 42 GeV electrons in an 0.85 m long plasma [2] . A notable breakthrough in laser-driven plasma accelerators was reached in 2004 when quasimonoenergetic electron beams with energies of order 100 MeV were generated at plasma densities of order 10 19 cm ÿ3 by focusing intense laser pulses into helium gas jets [3, 4] and in a plasma channel formed by additional laser pulses [5] . Increasing the output energy of a laser-driven plasma accelerator requires acceleration over a longer distance, and a lower plasma density than can be used with the guiding technique of [5] . These two requirements were first met in 2006 by guiding the driving laser pulses in a 33 mm long plasma channel formed by a hydrogen-filled capillary discharge waveguide [6, 7] , with a density of approximately 3 10 18 cm ÿ3 . Quasimonoenergetic electron beams with energies of 1 GeV were generated [8, 9] , which was the first demonstration of acceleration to beam energies comparable to those used in existing synchrotrons.
The mechanisms responsible for the generation of quasimonoenergetic beams by plasma accelerators driven in long plasma channels are complex, and presently the subject of several numerical studies. In this Letter we report the results of an experimental study of laser wakefield acceleration in a hydrogen-filled capillary discharge waveguide which provide new insights into the key process of injection of electrons into the laser wakefield. By combining measurements of the generated electron beams, the spectra of the transmitted laser radiation, and interferometric measurements of the plasma channel, we show that injection of electrons into the plasma wakefield is very likely to be assisted by ionization of partially-ionized species within the waveguide.
The hydrogen-filled capillary discharge waveguide has been described in detail elsewhere [6, 7] . In these experiments 15 mm long sapphire capillaries of inner diameter D 200 m or 300 m were employed. Hydrogen gas was flowed into the capillaries via channels of diameter 650 m and length 10 mm located 4 mm from each end. A discharge was driven through the capillary by connecting across the capillary a 1.7 nF capacitor charged to a voltage (V) between 15 and 30 Kv. The discharge current was measured by a Rogowski coil.
The electron acceleration experiments were performed with the Astra Ti:sapphire laser at the Rutherford Appleton Laboratory. The Astra laser delivered pulses with a mean wavelength of 818 nm and energy of 600 mJ. As illustrated in Fig. 1 , the laser pulses were focused by an f=27 off-axis paraboloid to a waist of spot size 34 m (radius of 1=e 2 intensity) at the capillary entrance. The measured peak fluence at focus was 4 10 4 J cm ÿ2 . The delay t between the onset of the discharge current and the arrival of the laser pulse at the entrance of the waveguide was controlled by a digital delay generator. The timing jitter in t was measured to be less than 1 ns.
A portion of the laser radiation transmitted by the capillary was reflected by an optically flat wedge placed 0.6 m behind the capillary exit. After a second reflection from the surface of a wedge (not shown), the beam was collimated and refocused by two f=15 achromatic lenses to: (i) the entrance slit of a grating spectrometer; (ii) a 12-bit CCD, after magnification by a microscope objective. The spectral response of the imaging system and spectrometer was measured using a calibrated broadband source. The energies of the pulses entering and leaving the waveguide were measured by spectrally flat photodiodes behind a dielectric mirror prior to the paraboloid and behind a wedge after lens 2.
Electrons accelerated within the waveguide passed through a 4 mm diameter hole in the first wedge, were dispersed by a magnetic spectrometer, and recorded by a phosphor (Lanex) screen, imaged by a 12-bit CCD camera. Image plates were used to calibrate the measured signal to the charge of the electron bunch. Aluminium foils prevented laser radiation from entering the spectrometer.
The laser was operated in two distinct modes: a short pulse mode in which the laser was fully compressed to a pulse of full width at half-maximum (FWHM) duration 45 fs, corresponding to a peak intensity I sp 8 10 17 W cm ÿ2 and normalized vector potential a 0sp 0:60; a long pulse mode in which a glass block prior to the compressor was removed, yielding pulses of 150 fs FWHM and a peak intensity I lp 2:4 10 17 W cm ÿ2 , corresponding to a 0lp 0:33.
Experiments were performed using the short pulse for initial hydrogen pressures in the range 80 to 600 mbar. Quasimonoenergetic electron beams were observed with energies up to approximately 200 MeV and bunch charge of order 100 pC for capillaries with D 200 m, but no electron beams were observed for D 300 m.
A detailed study of the relation between guiding by the plasma channel and electron beam formation was undertaken. In order to show trends in the data for each set of data points [y i , t i ], we formed an averaged function yt using a moving Gaussian window of full-width at halfmaximum . We note that all data was collected with t varied randomly in order to counteract the effects of any drift in experimental parameters.
Figure 2(a) shows the averaged fractional laser energy transmission T for long and short laser pulses as a function of delay t. It is seen that for the long pulses T was approximately 0.95 for 70 ns < t < 140 ns. Figure 3(b) shows the measured transverse fluence profiles in the exit plane of the waveguide for long pulses at several values of t in this range. The fact that T is high, and the transverse dimensions of the transmitted beams are comparable to the waist at the capillary entrance, shown in Fig. 3(a) , demonstrates that a guiding channel is formed throughout this interval.
The behavior of the short pulses was distinctly different. As shown in Fig. 2 (a) the peak energy transmission was only 0.6, consistent with deposition of energy into a plasma wave [8, 9] , and the range of delays for which the transmission was high was shorter. This behavior suggests that at the higher intensity of the short pulse, guiding was more sensitive to the state of the plasma channel, consistent with a stronger laser-plasma interaction. A stronger interaction may also explain the distortion of the fluence profiles shown in Fig. 3(c) , although at these larger bandwidths (see below), chromatic aberration may contribute.
The spectra of the transmitted laser pulses may be characterized by defining a red(blue)-limit r b for which 15.2% of the transmitted energy lies at longer (shorter) wavelengths. Figure 2(b) shows r;b t for the long and short pulses. It is seen that for long pulses the red and blue limits of the spectra of the transmitted pulses are close to those of the input pulses throughout the interval in which good guiding was observed. Again the short pulses behaved differently: strong, approximately symmetric broadening was observed even during the interval when the short pulses exhibited a high transmission. This observation is consistent with the short pulses driving a strong plasma wave, leading to significant spectral broadening by photon acceleration [10] . For longer delays, t * 140 ns, the spectrum of the transmitted short pulse is both broadened and blueshifted. Figure 2 (b) also shows the measured electron charge [Q i , t i ] (in arbitrary units) for each short pulse shot. It is clear that electron beams were only generated for delays close to 140 ns. Figure 4 shows the measured peak electron energy (E i , t i ) and the probability of injection pt, defined using the moving Gaussian average with 1:7 ns and p i 1 if a quasimonoenergetic electron beam was observed and p i 0 otherwise. The critical dependence on delay t is notable: of 13 shots in the range 130 ns < t < 135 ns, none yielded electron beams; in contrast for 137 ns < t < 141 ns 7 of 9 shots gave quasimonoenergetic beams. In this latter interval the mean and standard deviation of the electron beam energy were 128 and 15 MeV. We note that the peak probability pt is 0.89 for t 139:8 ns.
To gain further insight, interferometric measurements [11] of the plasma channel were performed on a capillary of square cross section with side 200 m. Figure 2 (c) plots the electron density nr; t measured by interferometry for the same initial pressure and discharge conditions as used in the acceleration experiments. Good qualitative agreement between the channel shape and the behavior of the transmission of the long pulses shown in Fig. 2(a) is apparent. For delays less than 70 ns there is no well-defined channel and T lp 0. For t > 70 ns a channel forms and T lp is high, and as the channel shape becomes symmetric T sp also becomes high; at longer delays the depth of the channel decreases as do T lp and T sp .
The electron density near the axis of the channel could be measured in two ways: (i) interferometry yielded the axial electron density n I directly; (ii) the spectra of the transmitted long pulses showed a distinct first Raman peak from which could be deduced an electron density. However, since the intensity of the leading edge of long pulses was sufficient to ionize partially-ionized species in the plasma channel, the electron density, n R , deduced from the Raman shift corresponds to the sum of the densities of electrons ionized by the discharge and those ionized by the long laser pulse. Comparison of n I and n R therefore allows the degree of ionization of the channel to be estimated. showing that the plasma channel is fully ionized. However, for longer delays n I k < n R j , indicating that the plasma channel is no longer fully ionized, although Figs. 2(a) and 3 show that the channel still acts as a waveguide at these delays. An effective degree of ionization in the axial region is given by n I k =n R j ; at the critical delay for electron injection (t 140 ns) this is equal to 0:5 0:2.
The results presented above demonstrate clearly that in these experiments the generation of quasimonoenergetic electron beams required the presence of a plasma channel. Electron beams were not observed for negative delays, when the laser interacted with neutral gas. Interferometric measurements showed that a plasma channel was formed at delays t for which electron beams were generated, as confirmed by the observed high-quality channelling of the long pulse. Finally, electron beams were not generated for capillaries with D 300 m, but were for D 200 m suggesting that injection and acceleration required a sufficiently small matched spot size of the channel, which varies as D 0:651 [11] .
The sensitivity of the generation of electron beams to the delay t is striking. Interferometry and the long pulse guiding data show that a plasma channel was formed for a duration of at least 70 ns; broadening of the spectrum of the transmitted short pulse, indicating strong wakefield formation, occurred over an interval of 50 ns; but electron beams were only observed for a range of delays approximately 5 ns wide.
It is clear, therefore, that electron injection depends sensitively on the state of the plasma channel -i.e., to the transverse and longitudinal density profile, and its degree of ionization. With regard to the latter, Fig. 2(d) shows that on axis the channel was fully ionized for a period of approximately 90 ns, but at the delay for which electrons were generated the plasma was not fully ionized. We note that this delay also coincides with the onset of a strong blueshift of the spectrum of the transmitted short pulse, consistent with transmission through a partially ionized channel. The results presented here strongly suggests that the sensitivity of injection to the delay t arises from the dual requirement that a plasma channel is formed and that near the axis the plasma is not fully ionized.
Several mechanisms could be responsible for a dependence of injection on the degree of ionization. Recently it was shown that the electrons injected and accelerated in a particle-beam driven plasma accelerator originated from field ionization of He within the wakefield [12] . That work showed that the generation of electrons within the wakefield reduced the threshold for trapping since they may be born with zero velocity at phases for which the electrons of the background plasma have significant backwards momentum. The results presented in the present paper might be explained by an analogous process occurring in a laser-driven plasma accelerator. We note that ionization could also promote electron injection by the increased ponderomotive force at an ionization front [13] or by plasma heating.
There are two possible sources of partially ionized species: Al and O from the Al 2 O 3 wall, and recombined hydrogen. The threshold intensities for above-barrier ionization are: 0.59, 1.0, 1.3 and 530 10 18 W cm ÿ2 for Al n , n 8-11; 0.04 and 25 10 18 W cm ÿ2 for O n , n 5 and 6; 1:4 10 14 W cm ÿ2 for H. It is clear that any Al or O ions present near the axis of the channel would be ionized near the peak of the laser pulse, and hence within the plasma wakefield. It might be expected that neutral hydrogen would be ionized well outside this region. However strong steepening of the laser pulse, and lower than expected ionization rates at high intensities [14, 15] , could allow sufficient H atoms to survive close to the peak of the laser pulse. We note that the required density of species donating electrons is low: if injection occurs in a volume at least equal to the plasma wavelength cubed, a 100 pC electron bunch corresponds to a donor density of less than 3% of the axial plasma density.
It is worth emphasizing that, although narrow, the range of delays for electron injection occurred was greater than the experimental jitter, allowing electron beams to be generated with approximately 90% probability. Further, the electron energies achieved with a plasma waveguide were approximately double those obtained using a helium gas jet with the same laser [3] . This observation is consistent with the fact that the use of a plasma channel allows injection and acceleration over a distance of order the dephasing length at lower plasma densities.
In summary, we have generated quasimonoenergetic electron beams with energies up to 200 MeV with a laser plasma accelerator driven in a hydrogen-filled capillary discharge waveguide. Electron beams were only generated under conditions in which a plasma channel was formed. Injection and acceleration of electrons was found to depend sensitively on the delay t between the onset of the discharge current and the arrival of the laser pulse but, importantly, to be highly reproducible. A comparison of spectroscopic and interferometric measurements allowed the degree of ionization of the plasma channel to be determined for the first time, and strongly suggest that in these experiments injection was assisted by laserionization of atoms or ions within the channel. This injection process could be enhanced by employing mixtures of hydrogen and other gasses which would not be fully ionized by the discharge, allowing control of the density and position relative to the wakefield of the laser-ionized electrons. The results presented here could therefore open a new route for controlling the electron injection process, and hence increase the shot-to-shot stability of the energy, pointing, and charge of laser-accelerated electron beams to the levels required for applications.
